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Drake EquationDrake Equation

•• N=RN=R ffss ffpp nnee ffll ffii ffcc LL

•• N = number of communicatingN = number of communicating
civilizations in our galaxycivilizations in our galaxy









Signal Types
1. Artifact (radio, radar, ~TV, ????)

2. Deliberate (easy to decode, pictures, language lessons)

First civilization we contact is likely to be a
billion years ahead of us. (ray norris, 2002)



First Radio SETIFirst Radio SETI
•• NikolaNikola Tesla (1899)Tesla (1899)

–– AnnouncesAnnounces ““coherent signals from Marscoherent signals from Mars””

•• GuglielmoGuglielmo Marconi (1920)Marconi (1920)
–– Strange signals from ETStrange signals from ET

•• Frank Drake (1960)Frank Drake (1960)
–– ProjectProject OzmaOzma

–– one channel, 1420one channel, 1420--1420.4 MHz1420.4 MHz



RadioRadio -- Targeted Search StrategyTargeted Search Strategy

Project PhoenixProject Phoenix -- SetiSeti InstituteInstitute

RadioRadio -- Sky Survey StrategySky Survey Strategy

SerendipSerendip, SETI@home, SETI@home -- UC BerkeleyUC Berkeley

SouthernSouthern SerendipSerendip -- AustraliaAustralia

Meta IIMeta II -- ArgentinaArgentina

SetiSeti ItaliaItalia -- BolognaBologna

OpticalOptical -- TargetedTargeted

UC BerkeleyUC Berkeley -- Pulse and ContinuousPulse and Continuous

Lick ObservatoryLick Observatory –– PulsePulse

HarvardHarvard –– Pulse, Sky survey 2006Pulse, Sky survey 2006

PrincetonPrinceton -- PulsePulse



UC Berkeley SETI ProgramsUC Berkeley SETI Programs

radio sky surveyradio sky surveysecondssecondsSERENDIPSERENDIP

IRIR targettedtargettedDYSONDYSON

visiblevisible targettedtargetted1000 seconds1000 secondsSPOCKSPOCK

visiblevisible targettedtargettednSnSSEVENDIPSEVENDIP

radio sky surveyradio sky surveynSnS -- mSmSAstropulseAstropulse

radio sky surveyradio sky surveymSmS -- secondssecondsSETI@homeSETI@home

Search TypeSearch TypeTime ScaleTime ScaleNameName

















SERENDIP IVSERENDIP IV

•• 168M channels168M channels

•• 100 MHz Band centered on 1420 MHz100 MHz Band centered on 1420 MHz

•• Carriage House 1 line feedCarriage House 1 line feed

•• Operating since 1997Operating since 1997

Photos Courtesy NAIC Arecibo Observatory, a facility of the NSFPhotos Courtesy NAIC Arecibo Observatory, a facility of the NSF

















Why SETI@home?Why SETI@home?
•• Coherent Doppler drift correctionCoherent Doppler drift correction

–– Narrower Channel WidthNarrower Channel Width-->Higher Sensitivity>Higher Sensitivity

•• Variable bandwidth/time resolutionVariable bandwidth/time resolution

•• Search for multiple signal typesSearch for multiple signal types
–– Gaussian beam fittingGaussian beam fitting

–– Search for repeating pulsesSearch for repeating pulses

Problem: Requires TFLOP/s processing power.
Solution: Distributed Computing



The SETI@home ClientThe SETI@home Client



5,464,550 participants
(in 226 countries)

2,000 per day

2.3 million years
computer time

1,200 years per day

4*1021 floating point
operations

65 Tera-flops

SETI@home Statistics

TOTAL RATE















Web site: 2 million hits/dayWeb site: 2 million hits/day
200,000 visitors/day200,000 visitors/day

(stats & games popular; science less popular)(stats & games popular; science less popular)

100,000 children, families100,000 children, families
(including congress members and their kids)(including congress members and their kids)

> 7,000 schools> 7,000 schools



Desired SKA ParametersDesired SKA Parameters

•• Wide bandwidthWide bandwidth

•• 1 M beams1 M beams

•• fat beamsfat beams

•• short dwell times (~ 100 seconds)short dwell times (~ 100 seconds)



Gaussian CandidatesGaussian Candidates



BOINCBOINC -- David AndersonDavid Anderson

•• Berkeley Open InfrastructureBerkeley Open Infrastructure
for Network Computingfor Network Computing
–– GeneralGeneral--purpose distributedpurpose distributed

computing framework.computing framework.

–– Open source.Open source.

–– Will make distributed computingWill make distributed computing
accessible to those who need it.accessible to those who need it.
(Starting from scratch is hard!)(Starting from scratch is hard!)



ProjectsProjects
•• AstronomyAstronomy

–– SETI@homeSETI@home (Berkeley)(Berkeley)

–– AstropulseAstropulse (Berkeley)(Berkeley)

–– Einstein@home: gravitational pulsar search (Caltech,Einstein@home: gravitational pulsar search (Caltech,……))

–– PlanetQuestPlanetQuest (SETI Institute)(SETI Institute)

–– Stardust@homeStardust@home (Berkeley, Univ.(Berkeley, Univ. WashintonWashinton,,……))

•• Earth scienceEarth science

–– Climateprediction.netClimateprediction.net (Oxford)(Oxford)

•• Biology/MedicineBiology/Medicine

–– Folding@home,Folding@home, Predictor@homePredictor@home (Stanford, Scripts)(Stanford, Scripts)

–– FightAIDSathome: virtual drug discoveryFightAIDSathome: virtual drug discovery

•• PhysicsPhysics

–– LHC@homeLHC@home ((CernCern))

•• OtherOther

–– Web indexing/searchWeb indexing/search

–– Internet Resource mapping (UC Berkeley)Internet Resource mapping (UC Berkeley)









AstroPulseAstroPulse
•• Sky surveySky survey

–– Covers decs 0 to 30Covers decs 0 to 30

–– ~3 years of data recorded so far.~3 years of data recorded so far.

•• Good time resolutionGood time resolution
–– Sensitive to 0.4Sensitive to 0.4 µµs radio pulses at 21 cms radio pulses at 21 cm

•• DM rangeDM range
–– --100 to +100 pc/cm100 to +100 pc/cm33

•• SensitivitySensitivity
–– 1010--1818 W/mW/m22 peak (Coherent depeak (Coherent de--dispersion)dispersion)



Search for Optical/Radio Signals from Dyson Sphere Candidates|
Charlie Conroy

• Looked for IR excess from >500
stars

• All stars had age > 1 Gigayear

• 33 stars found with 12µm excess

• Searched for anomalous radio
detection using SETI@home and
SERENDIP IV databases

• Searched for optical pulse
emission using OSETI experiment

• Thus far, none of the 33 sources
have shown anomalous optical or
radio emission

Color excess using 2MASS K band data and 12, 25, 60, & 100
micron IRAS data. An excess at K-[12] is clearly visible and
disappears by K-[25]. Dotted lines are Gaussian fits to the
distributions. The 33 IR excess candidates have K-[12] > 3σ above
the mean.



OPTICAL SETIOPTICAL SETI

1961 Charlie1961 Charlie TownesTownes PaperPaper

largelylargely ingoredingored until 1999until 1999

1971 Cyclops report calculates radio >> optical1971 Cyclops report calculates radio >> optical

TodayToday’’s lasers can communicate across galaxys lasers can communicate across galaxy



Optical SETIOptical SETI
•• UsesUses LeuschnerLeuschner

Observatory (UCB)Observatory (UCB)
–– Automated 0.8mAutomated 0.8m

telescopetelescope

•• Targeted SearchTargeted Search
–– Nearby F,G,K,M starsNearby F,G,K,M stars

–– ~10,000 stars~10,000 stars
observed so farobserved so far

–– 100 galaxies100 galaxies



OSETI DetectorOSETI Detector
•• 33--Photomultiplier fastPhotomultiplier fast

coincidence detectorcoincidence detector
–– Sensitive to 1nsSensitive to 1ns

pulsespulses

•• Low backgroundLow background
–– False alarm rate: 1False alarm rate: 1

per 300 hours (10per 300 hours (10--66

Hz)Hz)

–– Double false alarmDouble false alarm
rate: 1 per 600 years!rate: 1 per 600 years!

•• Good sensitivityGood sensitivity
–– 1010--88 W/mW/m22 peakpeak

–– 1010--1919 W/mW/m22 averageaverage





1010--METER KECKMETER KECK
TELESCOPETELESCOPE

Survey: 650 F8Survey: 650 F8 –– M5 V, IVM5 V, IV

Hipparcos
V < 8.5

B-V > 0.55 (F8V)
Sep > 2 arcsec
Age > 2 Gyr



Keck Optical SETIKeck Optical SETI –– Data MiningData Mining
•• Geoff Marcy, AmyGeoff Marcy, Amy

ReinesReines

•• 650 stars (planet data)650 stars (planet data)

•• EchelleEchelle SpectrometerSpectrometer

•• Can detect 10KWCan detect 10KW
narrow band signalnarrow band signal

(10 KW laser on 10(10 KW laser on 10
meter telescope)meter telescope)



AmyAmy ReinesReines and Geoff Marcyand Geoff Marcy



Allen Telescope ArrayAllen Telescope Array
•6.1-meter offset Gregorian
(2.4-meter secondary)

•rim-supported,
hydroformed dishes











The Square Kilometer ArrayThe Square Kilometer Array

Decision on site ~ 2006
concept ~ 2008



Generalized Approach toGeneralized Approach to
Radio Astronomy Signal ProcessingRadio Astronomy Signal Processing



MultiMulti--Purpose FPGAPurpose FPGA--BasedBased
SpectrometerSpectrometer –– Low BandwidthLow Bandwidth
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GALFA SpectrometerGALFA Spectrometer



SETI ApplicationsSETI Applications

•• JPL/UCB/SI DSN Sky Survey (20 GHz Bandwidth)JPL/UCB/SI DSN Sky Survey (20 GHz Bandwidth)

•• Parkes Southern SERENDIPParkes Southern SERENDIP

•• ALFA Sky Survey (300 MHz x 7 beams)ALFA Sky Survey (300 MHz x 7 beams)

•• SETI Italia (Bologna)SETI Italia (Bologna)

•• SETI@homeSETI@home

Astronomy ApplicationsAstronomy Applications

•• GALFA SpectrometerGALFA Spectrometer –– AreciboArecibo MultibeamMultibeam Hydrogen SurveyHydrogen Survey

•• Astronomy Signal ProcessorAstronomy Signal Processor –– ASPASP –– Don Backer, Ingrid Stairs, (pulsars)Don Backer, Ingrid Stairs, (pulsars)

•• ATA4ATA4 CorrelatorCorrelator F EngineF Engine

•• ReionizationReionization Experiments (Backer (UCB), Chippendale/Experiments (Backer (UCB), Chippendale/EkersEkers (ATNF))(ATNF))

•• Antenna Holography, ATNF, ChinaAntenna Holography, ATNF, China



SERENDIP V SpectrometerSERENDIP V Spectrometer



GALFA SpectrometerGALFA Spectrometer
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SERENDIP V
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Filter Response:
PFB vs. FFT



PFB vs. FFTPFB vs. FFT



PFB vs. FFTPFB vs. FFT



Biplex Pipelined FFTBiplex Pipelined FFT
Example: 8 pnt. FFTExample: 8 pnt. FFT
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JFFT FFT controlsJFFT FFT controls
•• Any length transformAny length transform

•• Input width and output widthInput width and output width

•• twiddle coefficient widthtwiddle coefficient width

•• 3 or 4 multiplier complex multiply3 or 4 multiplier complex multiply

•• Specify downshift or programmable downshift (optionalSpecify downshift or programmable downshift (optional
rounding)rounding)

•• Decimate FFT optionDecimate FFT option

•• Blockram / CLB memory threshold optionBlockram / CLB memory threshold option

•• Overflow detectionOverflow detection



JFFT additional PFB controlsJFFT additional PFB controls
•• Filter overlapFilter overlap

•• Width of filter coefficientsWidth of filter coefficients

•• Window function for filter (hamming, hann, etc.)Window function for filter (hamming, hann, etc.)

•• Import filter coefficients for custom filter performanceImport filter coefficients for custom filter performance



GHz bandwidth spectrometerGHz bandwidth spectrometer
•• Dual 1Dual 1 GsampleGsample/sec 8 bit ADC chip/sec 8 bit ADC chip

0.5 to 1 GHz bandwidth0.5 to 1 GHz bandwidth

•• Can be used as single 2Can be used as single 2 GsampleGsample/sec ADC/sec ADC

1 to 2 GHz bandwidth1 to 2 GHz bandwidth

ATMEL, National Semiconductor ADCATMEL, National Semiconductor ADC’’ss

2 watts2 watts









Compute Module DiagramCompute Module Diagram
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1919”” 48RU Rack Cabin Capacity48RU Rack Cabin Capacity
•• 40 compute nodes in 5 chassis (8U) per rack40 compute nodes in 5 chassis (8U) per rack

•• Up to 16 trillionUp to 16 trillion CMac/sCMac/s performance per rackperformance per rack

•• 250 Watt AC/DC power supply to each blade250 Watt AC/DC power supply to each blade

•• 12.512.5 KwattKwatt total power consumptiontotal power consumption

•• Hardware cost: ~ $1MHardware cost: ~ $1M



Global InterconnectsGlobal Interconnects
•• Commercial Infiniband switchCommercial Infiniband switch

fromfrom MellanoxMellanox, Voltaire, etc., Voltaire, etc.
–– Packet switched, nonPacket switched, non--

blockingblocking

–– 24 ~ 144 ports (4X) per24 ~ 144 ports (4X) per
chassischassis

–– Up to 10,000 ports in aUp to 10,000 ports in a
systemsystem

–– 200~1000 ns switch latency200~1000 ns switch latency

–– 400~1200 ns FPGA to FPGA400~1200 ns FPGA to FPGA
latencylatency

–– 480Gbps ~ 2.88Tbps full480Gbps ~ 2.88Tbps full
duplex constant cross sectionduplex constant cross section
bandwidthbandwidth

–– <$400 per port<$400 per port

Compute
Node
#N

Compute
Node

#1

Infiniband Crossbar Switch

Ethernet Switch



Unified Digital Processing ArchitectureUnified Digital Processing Architecture

•• Distributed per antenna spectral channel processingDistributed per antenna spectral channel processing

•• Multiple reconfigurable backend application processingMultiple reconfigurable backend application processing

•• Commercial packet switched interconnectCommercial packet switched interconnect

•• Backend data pulling through remote DMA accessBackend data pulling through remote DMA access
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ApplicationsApplications
•• VLBI Mark 5B data recorderVLBI Mark 5B data recorder -- HaystackHaystack –– 500 MHz500 MHz

VLBA andVLBA and BeamformingBeamforming -- CfACfA, Bob Wilson, Jonathan, Bob Wilson, Jonathan WeintroubWeintroub

•• SETISETI –– AreciboArecibo (UCB)(UCB)

ATA (ATA (SetiSeti Institute)Institute)

JPL/UCB/SI DSN 20 GHz dualJPL/UCB/SI DSN 20 GHz dual polpol (Preston,(Preston, GulkisGulkis, Levin, Jones), Levin, Jones)

•• CorrelatorsCorrelators and Imagers:and Imagers:

ATA (Mel Wright)ATA (Mel Wright)

ReionizationReionization Experiment (Backer/NRAO)Experiment (Backer/NRAO)

CarmaCarma Next Gen (Dave Hawkins, Caltech)Next Gen (Dave Hawkins, Caltech)

SKA demonstrator South Africa (Justin JonaSKA demonstrator South Africa (Justin Jonas)s)

MWAR, LWAMWAR, LWA –– MIT, NRLMIT, NRL



MooreMoore’’s Law in FPGA worlds Law in FPGA world
Computational Density Comparison
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100X More efficient100X More efficient
than microthan micro--processors!processors!

3X improvement3X improvement
per year!per year!







Future SETI SpectrometersFuture SETI Spectrometers
2015 4 THz 400 beams

10 GHz each
2020 128 THz 12,800 beams

2025 4000 THz 40,000 beams

2030 128,000 THz 1M beams







Seti Haiku



Searching for lifeSearching for life
Answers are revealedAnswers are revealed
About ourselvesAbout ourselves

Paula Cook, Duke UniversityPaula Cook, Duke University



One million earthlingsOne million earthlings
Bounded by optimismBounded by optimism
Leave their PCLeave their PC’’s ons on

DanDan SeidnerSeidner



Seti.berkeley.edu


